The regulatory role of ethylene in leaf senescence was studied with excised tobacco leaf discs which were aflowed to senesce in darkness.
The involvement of ethylene in induction of ripening and senescence of climacteric fruits (13, 28) and many flowers (19, 22, 24) has been established. In these systems a rise in ethylene production correlates with the onset ofripening or other symptoms of senescence. In the nonclimacteric orange fruit, exogenous ethylene enhanced Chl loss; since reducing ethylene levels by subatmospheric pressure or blocking ethylene action by CO2 did not inhibit Chl destruction, it was concluded that endogenous ethylene may not be the primary inducer of the natural color change in detached orange fruit (8) .
Much evidence showing the involvement of ethylene in leaf abscission has been reported (2) , but this phenomenon occurs late in leaf senescence and may follow initiation of senescence of the leaf blade. Although exogenous ethylene could induce Chl loss in leaves (12, 28) a regulatory role of endogenous ethylene in senescence of leaf blades is still obscure, since it is not clear whether its influence precedes or follows onset of senescence. In leaves both respiration and ethylene production increased in a climacteric-like pattern (6, 23) , but this occurred in an advanced stage of the blade senescence (6) .
We undertook to examine leaf senescence with respect to: (a) At appropriate time intervals gas samples were withdrawn with a hypodermic syringe for determination of ethylene and CO2 as previously described (6) . After sampling, flasks were flushed with sterile fresh air, and when required, ethylene or CO2 was reintroduced.
Chl was extracted from leaf discs with dimethylformamide (6), determined spectrophotometrically at 665 nm, and expressed in O.D. units.
Number of replicates, leaf discs per replicate, and repeat experiments were as detailed previously (6) .
RESULTS AND DISCUSSION
The rapid Chl breakdown phase in tobacco leaf discs senescing in darkness was accompanied by a rise and then a decline in both respiration and ethylene production (6) . In fruit these phenomena characterize the climacteric stage and represent the onset of ripen-AHARONI AND LIEBERMAN ing (13, 28) . Tests with leaf discs led us to conclude that these phenomena do not indicate the start of senescence in leaves but are associated with a stage rather late in the process. The aging process in morning glory flowers also commenced before ethylene production began (19) . Applying exogenous ethylene to precimacteric fruit (27) or flowers (25) hastened the rise in ethylene production. However, treatment of tobacco leaf discs with 10 ,ul/ 1 ethylene for the first 24 h did not significantly hasten the climacteric-like rise in ethylene production ( Fig. 1) . Ethylene evolution was somewhat greater in ethylene-treated than in control leaf discs, and could represent either increased synthesis and/or release of the exogenous absorbed ethylene. Continuous treatment with AVG markedly inhibited ethylene synthesis during senescence (Fig. 1) . The inhibition indicates that methionine is the principal precursor of ethylene biosynthesis in leaves (3, 4, 21) as in fruits (21) and flowers (18) . Effects of exogenous ethylene and AVG on rates of respiration and Chl loss are shown in Figures 2  and 3 , respectively. AVG markedly decreased these rates after 3 days whereas exogenous ethylene increased them. These results suggest that ethylene is involved in the regulation of leaf senescence even at an early stage of senescence.
Further evidence of a regulatory role for ethylene in leaf senescence was obtained with Ag+, which has been reported to oppose effects of ethylene on growth, senescence, and abscission (9) (10) (11) . Increasing concentrations of Ag+ from 0 to 20 mg/l completely nullified the ability of ethylene to enhance both Chl loss (Fig. 4) and rate of respiration (Fig. 5) . The level of Ag+ that prevented Chl loss in ethylene-treated or ethylene and AVGtreated leaf discs was 20 mg/l or 10 mg/l, respectively. The senescence-retarding effect of AVG was not completely nullified by exogenous ethylene (Fig. 4) , probably because treatment with AVG was continuous whereas ethylene was applied for the first 4 8 20 Ag+(mno) (Fig. 4) or Ag+ indicates that AVG and Ag+ inhibit either ethylene synthesis (21) or action (9) , as previously proposed. The capability of Ag+, in the concentrations used, to overcome some of the ethylene effects and vice versa (Fig. 6 ) may indicate a competitive interaction.
Increasing the concentration of Ag+ from 0 to 20 mg/l, which reduced Chl breakdown (Fig. 4) , simultaneously increased the rate of ethylene production in a biphasic linear fashion (Fig. 7) . AVG Figure 4 . Rate of ethylene production was determined after the first 24 h of incubation. inhibited this Ag'-induced ethylene production by 90 to 95%.
These data suggest that Ag+ may induce ethylene synthesis. Floating tobacco leaf discs for 30 min on AgNO3 solution at concentration of 10 mg/l or lower decreased their respiration rate (Fig. 5) without any visible toxic effect. Concentrations above 50 mg/l AgNO3 markedly increased ethylene production and rates of respiration and yellowing; it also severely damaged the leaf discs, blackening the cut surface (data not shown). Apparently, induction of ethylene synthesis caused by relatively low concentrations of AgNO3 and the decrease in respiration are evidence not of Ag+ toxicity but of the antiethylene property of Ag+ (5) .
CO2 is known to antagonize ethylene action in many physiological processes (1, 14) . We examined effects of CO2 on Chl content, ethylene production, and respiration in leaves during senescence. When applied at concentrations of 5 or 10%o, CO2 enhanced ethylene production during the first phase of senescence, delayed the appearance of the peak in the climacteric-like rise of ethylene (Fig. 8) , decreased Chl loss (Table I) , and decreased respiration, as measured by 02 consumption (data not given). Ethylene pro- (Table I) , was inhibited by AVG. Effects of CO2 on retention of Chl and enhancement of ethylene production were much lower than those of Ag+ during first 3 days of senescence ( Fig. 8 and Table I ). This agrees with Beyer's (11) finding that CO2 is less effective than Ag+ in overcoming the growth-inhibiting effect of ethylene. Combination treatment of CO2 with Ag+ resulted in a strong synergistic effect on both ethylene production and retention of Chl ( Fig. 8 and Table I (5) . The conclusion that the climacteric-like rise of ethylene production in senescent leaf discs could not have triggered leaf senescence was derived from previous studies (4, 6, 7), which showed that this rise occurs considerably after the commencement of Chl loss. Actually, the first phase of Chl loss was accompanied by a decline in ethylene production. Nevertheless, results obtained with inhibitors of either ethylene synthesis (AVG) or action (Ag+ and C02) clearly imply that the internal endogenous ethylene, which may never be released from the tissue, plays a considerable role in the regulation of leaf senescence. Levels of internal, endogenous ethylene in mature leaves of tobacco and other plants range generally between 0.1 and 0.2 ,ul/l (4, 6), and threshold values for an ethylene effect on leaf senescence were reported to be 0.01 to 0.1 ,ul/l (2). Therefore, the level of endogenous ethylene is sufficient to induce senescence, if other factors involved allow it. Endogenous levels of IAA (16) , GA (17, 15) , and cytokinins (22) , which are antagonistic to ethylene action, decline before and with the onset of senescence symptoms. Generally, the rate of ethylene production is greatly affected by the level of auxin, which sometimes acts synergistically with cytokinins (17, 20) . Therefore, the decrease of ethylene production during the slow Chl degradation phase could have been partly due to reductions in endogenous levels of auxin (17) and cytokinins (22) . It is likely that the LIEBERMAN Plant Physiol. Vol. 64, 1979 mechanisms inducing leaf senescence are associated with early depletion of growth hormones, and that this depletion in turn greatly influences actual levels of ABA and ethylene, the senescence-enhancing hormones. The onset of leaf senescence does not appear to be rapid and sudden or triggered by dynamic changes in the level of any one hormone; rather, it appears to be brought about gradually by the integrated actions of all of the hormones participating in the process.
